Indoor radon has been determined to be the second leading cause of lung cancer after tobacco smoking. There is an increasing need among radiation practitioners to have numerical values of lung cancer risks for men and women, smokers and nonsmokers exposed to radon in homes. This study evaluates individual risks for the Japanese population exposed to indoor radon at different radon concentrations and for different periods of their lives. Based on the risk model recently developed by U. S. Environmental Protection Agency (EPA), individual risks of radon induced lung cancers are calculated with Japanese age-specific rates for overall and lung cancer mortalities (1996)(1997)(1998)(1999)(2000) as well as the Japanese smoking prevalence data in 2002. Convenient tables of lifetime relative risks are constructed for lifetime exposures and short exposures between any two age intervals from O to 110, and for various radon concentrations found in homes from 25 to 600 Bq/m3. The risk of developing lung cancer from residential radon exposure increases with radon concentration and exposure duration. For short exposure periods, such as 10 or 20 years, risks are higher in middle age groups (30 -50) compared especially to the later years. Individuals could lower their risks significantly by reducing their radon exposure levels earlier in life. The tables can help radiation protection practitioners to better communicate indoor radon risks to members of the public.
I INTRODUCTION
Radon is an inert radioactive gas produced by the decay of natural uranium in rocks and soils throughout the earth's crust. A certain fraction of the radon escapes into the air where, in the outdoors, it is quickly diluted by atmospheric mixing and is of no further concern. However, in confined spaces such as mines or homes, radon can accumulate to harmful levels. Radon gas itself is not significantly retained in the lungs, but it gives rise to a number of short-lived progeny which become attached to aerosol particles. These in turn can be deposited in the lungs and bombard sensitive lung tissue with alpha radiation. Over a period of time, this may lead to malignant transformation and the formation of lung cancer.
The most important information concerning the health risks from radon comes from epidemiological studies of underground miners. The National Research Council, Biological Effects of Ionizing Radiations (BEIR) VI committee analyzed results from 11 miner cohorts,1) and developed risk models for radon induced lung cancer. Recent publications, such as the combined analysis of 7 North American residential case-control studies,2) and the collaborative analysis from 13 European Ottawa K1A 1C1, Canada. *2 National Institute of Radiological Sciences; 4-9-1 Anagawa, models were equally preferred by the BEIR VI committee. However, the two models result in significantly different estimates, when dealing with individual risk at residential radon levels. As stated in the BEIR VI report, the difference in estimates from the two models may be largely an artifact of the analysis, and neither estimate has more credibility than the other. For the purpose of establishing tables of individual risks, one could calculate two sets of risk tables based on the two BEIR VI preferred models, respectively. However, it will not be easy for practitioners to select which set of risk tables to use. To solve this problem, a recent publication of the U.S. Environmental Protection Agency (EPA), EPA assessment of risks from radon in homes,6) arrived at a single model. The EPA model is a reasonable average of the estimates from the two BEIR VI models. The EPA model is used here to calcutime risks of radon induced lung cancer. In summary, the mathematical form of the EPA model for the excess relative risk (ERR) is given as
where a is age in years. The parameter /3 (=0.0634) represents the slope of the exposure-risk relationship. The parameter 0age (a) describes the decrease of excess relative risk with increasing age. The continuous function of Oage (a) given by the EPA is used in the current calculations.
For a given radon concentration, the total exposure, W*, can be calculated as the weighted summation of three timesince-exposure windows, namely 5 -14, 15 -24, and 25 or more years before age a. Exposure in the last 5 years is not biologically relevant to cancer risk.
W5 -14 is the exposure incurred between 5 and 14 yr before age a; Wi5-24 the exposure incurred between 15 and 24 yr before age a; and W25+ the exposure incurred 25 yr or more before age a. 915-24 (=0.78) and 925+ (=0.51) represent the weights of the 15 -24 and z 25 time-since-exposure windows.
The formulae for the calculation of lifetime relative risk of lung cancer are described in the BEIR IV report.7> Briefly, the lifetime risk of lung cancer is given by the sum of the risks of lung cancer death for each year is
where Re is the lifetime risk of lung-cancer under a given exposure pattern hi and hi* are the lung-cancer and overall mortality rates for age i, respectively, and ei is the excess relative risk due to exposure to radon and its progeny for age i, as given in Equation (1) . The term exp (-(hk*+ hkek)) is the probability of surviving year k, and [1-exp(-(hey*+hke))] is the probability of death in year k. The probability of surviving up to year i is the product of surviving each prior year k from 1 to i -1, i. e. the term. H exp ( -(hk*+ hkek)). The probability of surviving through year i -1 and dying in year i is then H exp (-(hk*+ hkek)) [1 -exp (-(h1*+ ht e))1 .
Multiplying by the p roportion of lung cancer among all causes gives the probability of surviving i -1 years and dying of lung cancer at year is r k iTel) i-it exp ( (hk*+ hkek)) [1 -exp (-(he*+ heel))]
The lifetime probability of lung cancer mortality is then the summation over all years i from 1 to 110, as given in Equation (3) . A lifespan of 110 years is assumed here.
The computation of lifetime risks depends on the choice of the background age-specific lung-cancer and overall mortality rates, he and hi*. This study uses Japanese age-specific mortality rates averaged over five years from 1996 to 2000. 8) Because of limited information on combined effect between radon and smoking, results given in the BEIR VI report are considered as the best available and adopted here. It is accepted that smoking and radon exposure combine in a fashion that is submultiplicative on the relative-risk scale, i. e., less than the anticipated effect if the joint effect were the product of the risks from radon and smoking individually, but more than if the joint effect were the sum of the two individual risks. The smoking adjustment to the risk model is done by multiplying the slope of the exposure-risk relationship (parameter /3) in Equation (1) by 0.9 for smokers and by 1.9 for non-smokers. It further assumed that smoking-induced lung cancer has a 10 year latent period. In the adjustment of age-specific lung cancer mortality rates to reflect smoking status (see reference 6 for details), the following equation was used.
where hs, hNs, and hpop indicate mortality rates of lung cancer among smokers, non-smokers, and total population at a given age for each sex. RR indicates relative risk of lung cancer among smokers compared to non-smokers, and is assumed to be 14 for males and 12 for females.6) The p is the proportion of smokers at a given age, the age-specific smoking prevalence. In this paper, the age-specific smoking prevalence data for Japanese males and females in 2002 9> are used. The average age of smoking commencement is assumed to be 18 among Japanese. Lifetime relative risk (LRR) is defined as LRR=Re/Ro, where Ro is the baseline risk, the lifetime risk of lung cancer when exposed to background radon level, the outdoor radon level. The LRR describes the proportional increment in lungcancer risk posed by indoor radon exposure beyond the background level of exposures from outdoor air. Individual risks of radon induced lung cancers for different exposure profiles are estimated in terms of LRR.
III RESULTS AND DISCUSSION 1. Lifetime exposures Lifetime absolute risks and lifetime relative risks of radon induced lung cancer are given in Fig. l and Fig. 2 for lifetime exposures at different radon levels for males and females, respectively. The same scales are used in Fig. l and Fig. 2 for easy comparison of male and female LRRs. The lifetime absolute risks of lung cancer are much higher for smokers than for non-smokers. Due to significantly different baseline risks, Ro, for smokers and non-smokers, the lifetime relative risks are much higher for non-smokers than for smokers, as demonstrated in Fig. 1 and Fig. 2 . Selected values of lifetime absolute risks and lifetime relative risks for lifetime exposure are given in Table 1 . The first row of Table 1 gives the baseline risks without additional indoor radon exposure, i. e., Re =R0 and LRR =1. 2. Shorter exposure periods Most people do not live in the same house for their entire life. Radon exposure levels for individuals may change when they relocate or after they take actions to mitigate their house against soil gases. Lifetime relative risks for shorter exposure periods are of practical interest.
Estimated LRRs for various exposure periods are tabulated according to the age when exposure started and the age when it ended for various radon concentrations from 25 to 600 Bq/m3. Table 2 and Table 3 are the LRRs for male smokers and non-smokers, respectively. The LRRs for female smokers and non-smokers are given in Table 4 and Table 5 , respectively. The tables are easy to use. For example, if a male nonsmoker lived in a house from age 30 to 5 at a radon concentration of 400 Bq/m3, his relative lifetime risk of lung cancer is estimated to be 1.543 which is 54% higher than the baseline risk ( Table 3 , the cell with row of age 30 and column of age 50 under heading of 400 Bq/m3).
In order to see the effect of exposure duration more clearly, some of the tabulated results are presented graphically in Fig.  3 and Fig. 4 for Japanese male and female non-smokers and for exposure durations of 10 and 20 years. The estimated LRRs are presented as a function of ages when exposure started.
3. Varying exposure profiles Results given in Tables 2 to 5 can be applied to situations where exposures vary with time, such as when a person lives in one house for several years and then moves to another. They are also applicable to exposures in the same house with a changing radon level. For example, a smoking woman lives in a house with radon concentration of c1=400Bq/m3 from age 0 to 30, her LRR due to this exposure is LRR1=1.235, see Table 4 . Then, she takes action to reduce the indoor radon concentration to 200 Bq/m3 and lives there for rest of her life. The LRR due to the second exposure period (age 30 to 110) at 200 Bq/m3 is LRR2 =1.204, see Table 4 . The total LRR for the woman is obtained by adding the excess relative risks for the two periods.
LRR =1+(LRRI-1)+(LRR2-1) =1+(1.235-1)+(1204-1)=1.439.
The general mathematical form for this type of application is
where n is the number of periods exposed to different radon concentrations. LRR1 is the lifetime relative risk for the period i at a given radon level ci. With Equation (5), one can estimate the individual risk of radon induced lung cancer for any exposure profile. The risk of developing lung cancer increases with radon concentration and exposure duration, as shown in the tables. To view the exposure-duration effect more clearly, graphical examples are given in Fig. 5 and Fig. 6 . Exposure to radon starts at age O and ends at different ages later in life. In all cases, the risks increase almost linearly up to age 60. Exposures after age of 60 contribute very little to the total lifetime risk. The total lifetime risk is used here to represent the risk resulting from lifetime exposure. It is an excess risk due to exposure at a given radon level. After a 38-year exposure, males reach half of the total lifetime risk for a given radon concentration. This means that exposure in the first 38 years of life contributes to about half of the total excess risk. It is true for both male smokers and non-smokers. Similar patterns as shown in Fig. 6 exist for females. However, females arrive at the half value of total excess risk at the age of 39 and 40 for smokers and non-smokers, respectively.
The major limitation to understanding the calculated risks is the uncertainty involved in the risk calculation. The main source of uncertainty is the extrapolation of miner data to indoor radon risk. Recently, pooled analyses of case-control studies of residential radon in North America2) and Europe3) have showed that there is no substantial discrepancy between quantitative risks from radon exposures in mines and houses. Those recent publications provided us with direct evidence of radon risk at concentrations even below 100 Bq/m3. Those new information increased our confidence on the risk model used here. There are other sources of uncertainty, including data on mortality and smoking. The EPA carried out uncertainty analysis to quantify the extent to which the data and assumptions in risk calculations would affects the risk estimates, showing that risk estimates remain within a factor of 2 or 3.6) Although formal uncertainty analysis has not be done in this paper, it is not unreasonable to believe that the uncertainty in our risk calculation would affect risk estimates substantially.
Another limitation is related with possible effect of outdoor radon. Although indoor radon level is much lower in Japan than in other countries, and the average concentration of outdoor radon was about 40% of indoor concentration in Japan,10) variations in outdoor radon cannot be negligible in some cases. In the current paper, the effect of indoor radon was focused, thus the possible effect of outdoor radon was not considered.
Despite the limitations, the tabulated results for exposures between any two age intervals from 1 to 110 and for various radon concentrations found in most homes from 25 to 600 Bq/m3 are easy to use and will help radiation practitioners better communicate indoor radon risk to members of the public.
IV CONCLUSIONS
The risk of developing lung cancer from residential radon exposure increases with radon concentration and exposure duration. Because Japanese age-specific mortality rates and smoking prevalence data are used, lifetime risks of radon induced lung cancer presented here are estimates for Japanese individuals.
Risks due to radon exposure for shorter periods are of practical interest, because most people do not live in the same house for their entire life. Individuals exposed for shorter periods (10 -20 years) in the age range 30 -50 have a higher risk than those exposed for a similar period in later years. Table 2 Lifetime relative risk (LRR) by age exposure started and age exposure ended for Japanese male smokers. Table 3 Lifetime relative risk (LRR) by age exposure started and age exposure ended for Japanese male non-smokers. Table 4 Lifetime relative risk (LRR) by age exposure started and age exposure ended for Japanese female smokers. Table 5 Lifetime relative risk (LRR) by age exposure started and age exposure ended for Japanese female non-smokers. Individuals could lower the risk significantly by reducing radon levels earlier in their lives. We should be cautious in interpreting the results since risk estimates are involved with uncertainty. However, to provide a risk estimate with the best available information, the tabulated results of individual risks from indoor radon exposure are easy to use and will help radiation practitioners better communicate indoor radon risk to members of the public.
